Background: The goal of modern vestibular schwannoma surgery is not only to complete tumor removal but also to preserve functions. Cerebellopontine angle surgery carries a significant risk of impairing facial nerve function especially with large masses. Avoidance of facial nerve injury postoperatively requires preoperative and intraoperative identification and hence the role of preoperative imaging and intraoperative monitoring. Objectives: To evaluate the impact of identification of facial nerve preoperatively and intraoperative neurophysiological monitoring on the preservation of facial nerve function. Study design: This is a retrospective clinical case series.
Introduction
Preservation of facial nerve injury during resection of a VS is a primary aim of the skull base surgeon. Facial paralysis has potentially devastating functional and psychological consequences for patients. The importance of intraoperative monitoring especially during resection of vestibular schwannomas comes from the anatomical fact that the facial nerve, from the brainstem to the internal auditory canal, has no epineurium [1] [2] [3] .
Patients and methods

Patient population
This is a retrospective clinical case series conducted on 22 females and 10 males (total 32 patients) in the Department of Neurosurgery, Tanta University Hospitals. Those patients were operated upon for excision of vestibular schwannoma in the period between February 2016 and November 2018. The main symptoms were hearing loss, tinnitus, and vestibular dysfunctions. All patients had total hearing loss, proved by both clinical examination and audio-vestibular studies. All patients had intact facial nerve preoperatively (House-Brackmann grade I) [4] . All patients' data, diagnosis, and treatment outcomes are confidentially kept private, and patients are presented by specific codes. All patients were consented based upon the conclusion of the study of Kondziolka et al. [5] .
An approval from the research ethics committee of the Faculty of Medicine, Tanta University (reference number: 32806), was obtained on 26 December 2018. Furthermore, being a retrospective study, patients' consents for participation and for publication were not applicable. Additionally, the co-authors had neither financial nor non-financial competing interest to report.
Imaging
MRI with IV gadolinium was done preoperatively for all patients. All had radiological signs that are highly suggestive of acoustic neoplasms. The size of the neoplasms in all patients was of grade IV, i.e., more than 3 cm, displaced both the brainstem and fourth ventricle [6] . Depending upon the presence of a CSF signal between the nerve and the neoplasm [7] , fast imaging employing steady-state acquisition (FIESTA) sequence MRI was carried out for all patients to predict the possible location of the facial nerve in relation to the capsule of neoplasm where in two of our patients, the FIESTA was predictive of posteroinferior location (Fig. 1) .
Surgical procedures
Prior to the definitive surgery, anesthetic considerations were taken, aiming at optimum cerebellar relaxation. Propofol was the preferred anesthetic agent; it does not interfere with monitoring techniques. A short-acting muscle relaxant sufficient for intubation was given [8, 9] . Park-bench position was the preferred position for all of the patients
Electrode positioning
Two electrodes were used subdermally for the orbicularis oculi muscle (at the lateral aspect of the orbit), another two electrodes for the orbicularis oris muscle at the corner of the mouth, and one electrode at the forehead. These steps, together with the setup of the device settings, were carried out by the electrophysiology team (Inomed ® Medizintechnik GmbH, München, Germany).
Surgical procedure was carried out as classic suboccipital craniectomy. After durotomy and tumor identification, the stimulating electrode was applied to the posterior capsule [10] . We started by pulsed stimulation using monopolar electrode, and at the same time, the electrophysiology team enabled an intensity of 0.05 mA as a baseline threshold. Mapping of the facial nerve was thus carried out.
Interpretation of the neurophysiological monitoring responses
At the first stage, the action potential response of the stimulated muscle(s) was recorded (Fig. 2) . The second step was that we started by central debulking. During the procedure of central debulking then separation of the capsule from the nerve or from the brainstem, we were notified by the electrophysiology team if there are recorded responses (train or burst types) (Fig. 3) , either from individual muscle or all muscles. Immediately, we had stopped our procedure till disappearance of the response waves.
We considered that persistence of the train response for more than 4 min denoted expected injury. Because of our strategy to preserve the functional integrity of the nerve, we decided to remove the neoplastic tissue as much as possible provided that there are no recorded waves.
In the last step, before dural closure, we tried to stimulate at the region where the nerve exits the brain stem and at the region of entry into the internal acoustic meatus. If there was a recorded response using the baseline stimulus, we expected that the nerve is functionally intact while if the intensity needed had to be increased, then weakness was expected. If no response, an injury was predicted.
Postoperative care
After recovery, a special examination of the facial nerve of the operated side was performed and, at the same time, compared with the opposite side. Regular daily examination of the nerve till the time of discharge was performed.
At the time of discharge, a regular monthly follow-up was planned with the patient for 24 months. Postoperative MRI with and without contrast was requested 1 month after surgery for re-evaluation and the necessity of postoperative radiosurgery. We classified the extent of resection in our patients into two categories: near-total removal, where a small fragment of the tumor tissue was left at the internal acoustic canal region where there was a danger of injury of the facial nerve as a result of any trial of manipulation at this region ( Fig. 4) , and subtotal removal, where an additional amount of tumor tissue was left at the region of the cerebellopontine angle cistern (Fig. 5) .
Results
This study was conducted on 32 patients with vestibular schwannomas. Total excision was an aim for all of them. Near-total excision was achieved in 20 patients (62.5%). Subtotal excision was achieved in 12 patients (37.5%; Table 1 ). According to House-Brackmann (HB) grading scale, the postoperative facial nerve functions among our patients were grade I in 22 patients (68.75%), grade III in 2 patients (6.25%), grade IV in 4 patients (12.5%), and grade VI in 4 patients (12.5%). It is to be mentioned that one of our patients had immediate postoperative HB grade III improved to grade I few days postoperatively while another patient had HB grade IV worsened to grade VI on the third postoperative day (Table 2) .
Based upon the results of intraoperative neurophysiological monitoring and then the findings of the FIESTA, we found that in 30 of our patients (93.75%), the location of the facial nerve was anterior (with detected superior and inferior fibers by intraoperative stimulation). In 10/30 patients, stimulation of the superior and inferior capsule resulted in an action potential record for a single or two muscle groups, e.g.. frontalis, orbicularis oculi, or orbicularis oris (Fig. 2 ). There were no recorded responses after stimulation of both superior and inferior capsule in 20/30 patients. We could not confirm the anterior location preoperatively, but two patients' FIESTA study predicted a posterior location. Intraoperatively, stimulation of the posterior capsule resulted in an action potential record for all muscle groups in separate bundles.
In patients with anteriorly located facial nerve (30/32), near-total resection could be achieved in 20/30 (66.7%) and subtotal resection in 10/30 (33.3%). In patients with posteriorly located nerve (2/32), subtotal resection was achieved in all of them. There was a statistically significant difference between the anterior and posterior location of the nerves. Near-total resection was higher in the anteriorly located nerve (P = 0.001*) while subtotal resection was higher in the posteriorly located nerve (P = 0.021*; Table 3 ).
Near-total resection was achieved in 20/32 patients (62.5%), and HB grade I could be achieved in 12/20 patients (60%). HB grades between II and VI could be achieved in the other 8 patients (8/20, 40%). In those 8 patients, the trial of dissection of the neoplasm from the nerve at or near the region of the internal acoustic meatus resulted in train activity that was prolonged (more than 2 min) even after stoppage of the surgical manipulation. In the remaining 12 patients (12/32, 37.5%), in whom 
subtotal resection was achieved, 10 of them 10/12 (83.3%) could achieve HB grade I while the other 2 patients (2/12, 16.7%) had HB grade that was less than 100% (Table 4) . There was a statistically significant difference in the functional preservation of the facial nerve between neartotal and subtotal resection where 100% preservation was higher with subtotal resection (P = 0.021) while less than 100% preservation of function was higher with near-total resection (P = 0.035).
In this study, the tumor consistency was soft in 18 patients (18/32, 56.25%) and suction alone was enough without hazardous traction to the capsule, so 100% preservation of function was found in 16/18 patients (89%) while less than 100% preservation of function was found in only 2 patients (2/18, 11%).
The tumor consistency was firm in 14 patients (14/32, 43.75%) in which suction alone was not enough. The dissection was accompanied by recorded train waves. So, 100% preservation was found in 6/14 patients (43%) while less than 100% preservation was achieved in 8/14 (57%).
There was a statistically significant difference in the functional preservation of facial nerve between soft and firm tumor consistency as 100% preservation of function was higher in soft consistency (P = 0.031) and less than 100% preservation was higher in firm consistency (P = 0.022; Table 5 ).
Discussion
In our hospital, FIESTA was the available imaging modality besides MRI. We have suspected the possibility of posterior location of the nerve in two patients according to the CSF signal between the nerve and the tumor especially its medial side [6] and fig [1] . Savardekar et al. [11] reported that preoperative diffusion tensor imaging with fiber tracking for facial nerve identification is a useful diagnostic tool before surgery for masses larger than 2.5 cm. Facial nerve course was identified in 96.6% of their patients; however, the intraoperative confirmation was in 90.6% of their cases. The fallacies of that technique are affected by large masses which result in compression of the nerve and thinning of its fibers. They reported that the use of FIESTA could improve the accuracy of facial mapping. Both Chen et al. [12] and Olson et al. [13] also emphasized that FIESTA is one of the best radiologic tools that diagnose CPA masses. The nearby cranial nerves could be possibly visualized unless very large tumors. Zhang et al. [6] reported that through FIESTA study, it is possible to see the facial nerve in the cisternal segment provided that there is a CSF signal between the nerve and the neoplasm. In our study, we found that in 30 of our patients (93.75%), the location of the facial nerve was anterior, anterosuperior, and anteroinferior to the capsule. The abovementioned findings were suggestive of splayed course of the nerve, where some bundles were anterosuperior while others were anteroinferior.
On the other hand, two of our patients had FIESTA study predicted a posterior location of the nerve. Actually, we found that intraoperative stimulation of the posterior capsule resulted in action potential response to the three muscle groups but in three separate bundles. We were obliged to incise the capsule in the narrow corridor between those bundles, and then, intracapsular removal of the neoplasm was done. Samii et al. [14] , Sung et al. [15] , and Ojemann [10] supported this opinion. (Fig. 1) .
Sanna et al. [16] reported that the facial nerve is stretched and difficult to visualize but it is possible to stimulate the facial nerve proximal to the lesion. Those findings are obvious in large tumors. In our work, all of our patients had grade IV tumors. Loftus et al. [2] , Wolfgang et al. [6] , Kulwin and Gadol [17] , and Prakash et al. [18] emphasized that the facial nerve is divided into many bundles that are stretched around the capsule and dissection of the nerve off the capsule is very risky. In our study, we had the same observation because during intraoperative mapping, we found a posterior location in 2 patients and anterior, anterosuperior, or anteroinferior in the remaining 30. The action potential response in the three muscle groups together could be achieved either near the region of the internal acoustic meatus or at the exit of the nerve from the brain stem. In our work patients with anteriorly located facial nerve (30/32), we could achieve near-total resection in 20/30 (66.7%) and subtotal resection in 10/30 (33.3%). In patients with posteriorly located nerve (2/32), subtotal resection was achieved in all of them. There was a statistically significant difference between the anterior and posterior location of the nerves. Near-total resection was higher in the anteriorly located nerve (P = 0.001*) while subtotal resection was higher in the posteriorly located nerve (P = 0.021*).
Our study concluded that the subtotal resection was associated with better facial preservation (HB grade I), 83 % ( Table 4 ). There was a statistically significant difference between the extent of resection and the functional preservation of the facial nerve (P = 0.021*) where better outcome was better with subtotal resection. Kulwin and Gadol [17] have 70-75% function preservation and 97-100% excision; the difference in our results and those of Kulwin and Gadol, especially for our patients who underwent near-total resection, is that in all of our patients, the size of the neoplasm was grade IV and the nerve was adherent to the capsule especially near the entrance to the internal acoustic meatus. This was a reason for not trying to drill the meatus for attacking the part of the neoplasm that originated inside it where in all of our patients, stimulation at the region of the internal meatus resulted in a train activity and disappeared after stoppage of procedure. Hadjipanayis et al. [19] , Gurgel et al. [20] , Starnoni et al. [21] , and Hoshide et al. [22] also matched our opinion and advised postoperative radiosurgery.
Sun et al. [4] reported that large-sized tumors have lack of the nerve-capsule interface; moreover, elevated stimulation threshold is of bad ominous sign regarding the postoperative facial nerve function. This opinion is convenient, and we would like to add that in our work, the percentage of subtotal removal was 37.2%, the possible reasons were the same as Sun et al.
One of the factors that helped us in near-total removal (62.5%) was the soft tumor consistency, where the functional preservation was higher with soft masses (P = 0.031) while lower with firm masses (P = 0.022) ( Table 5) . Samii et al. [23] reported that the predictive factors for facial nerve preservation are tumor size, cystic consistency, previous surgery or radiosurgery, and a surgeon's operative experience. Mehrotra et al. [24] found that facial preservation was better (95%) with cystic lesions because of myxoid degeneration.
We have an opinion to preserve the facial nerve in patients having firm tumors in which subtotal excision and radiosurgery might be an option. The challenge in patients who have larger sized masses is that when subtotal removal is the solution with preservation of the facial nerve function, the residual lesion should not be larger than the size accepted for radiosurgery otherwise maximizing the size of the excised mass may be at the expense of the facial nerve outcome. It is to be mentioned that one of our patients was a female that suffered from facial palsy after surgery (grade III). We attributed this to the trial of dissection at the region of the internal acoustic meatus. After nimodipine, she got improvement. One month later, her facial function became HB grade I. Van Gompel et al. [25] recommended that patients for whom nimodipine (or with the addition of hydroxyethyl starch) be considered perioperatively might have a chance for improvement of postoperative facial nerve function. On the other hand, one of our patients had an immediate facial palsy (HB grade IV) after surgery, and on the second postoperative day, he had worsening of the orbicularis oculi from HB grade IV to VI. Samii and Gerganov [26] attributed that the possible reason for delayed facial palsy after surgery is either vasospasm or dehydration. Hence, we recommend the use of nimodipine and hydroxyethyl starch as mentioned before.
Finally, our opinion is that not only the preoperative prediction of the course of the nerve is sufficient for functional preservation but also the degree of adherence of the nerve to the capsule, that is dependent upon the nerve-capsule interface, and the consistency of the mass. It is worthy to mention that Samii and Matthies [27] could achieve 93% anatomical facial preservation. They also reported that the most critical point of dissection of the facial nerve is the region of entry of the internal acoustic meatus and here is the vital role of the neuromonitoring. Of 93% anatomical preservation, 51% has HB grade I, while 45% grade II to V and 4% grade VI. They also reported that the larger the tumor size, the more the adherence and hence the more difficult the postoperative functional preservation.
The limitations of this study are being retrospective and having a limited number of patients, and the diffusion tensor tractography-fiber tracking of the cranial nerves is costly and not available in our institute.
Conclusion
Functional preservation of the facial nerve postoperatively requires preoperative prediction of the location of the nerve in relation to the capsule, extra-arachnoidal dissection during surgery, and subtotal resection then radiosurgery as an alternative option if the intraoperative neurophysiological monitoring predicts a high risk and lastly the use of vasoactive medication postoperatively. 
